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Vector-borne diseases (VBDs) pose significant global health threats. The microbiota of arthropod vectors influences their fitness and pathogen acquisition and/or transmission. Here, we review the intricate interplay among the arthropod immune system, the microbiota, and pathogens that limits or favors infection. We focused on the most important arthropod vectors, namely mosquitos, phlebotomines, tsetse flies, triatomines, and ticks, and expanded our analysis to include the nonvector model Drosophila melanogaster for comparison. The microbiota and immune system of arthropod vectors are targets for the development of promising control strategies, such as paratransgenesis and anti‐microbiota vaccines. Further research should focus on elucidating the underlying mechanisms of vector–pathogen–microbiota interactions and optimizing anti-microbiota strategies. These approaches have the potential to combat VBDs and reduce their global impact.
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1 Introduction

Arthropoda is the largest phylum of the animal kingdom, comprising more than 80% of the species described thus far (Thorp, 2009). This enormous diversity and the wide distribution of arthropods in virtually all ecological niches on Earth attest to the efficiency of their adaptations. Arthropods come in contact with microorganisms throughout their life cycle. Some of these microorganisms are commensals or mutualistic and confer biological advantages (for instance, in nutrition, development or sexual reproduction), constituting the arthropod resident microbiota (Douglas, 2014), while others are harmful. Therefore, arthropods must be able to control dangerous microorganisms while maintaining a balanced microbiota community to maintain homeostasis. The members of the resident microbiota can also exert a positive or a negative effect on the establishment of pathogens in the arthropod gut using different mechanisms, including (i) direct interaction; (ii) competition for nutrients; (iii) and modulation (up- or downregulation) of components of the arthropod immune system (Weiss and Aksoy, 2011).

In this review, we summarize the main aspects of the tuned symphony played by the resident microbiota and the molecular factors in the arthropod gut that consequently allow or restrict pathogen establishment in disease vectors and, for comparative purposes, in the nonvector model Drosophila melanogaster (hereafter referred to as Drosophila).




2 Drosophila: the nonvector model

The fruit fly Drosophila (Diptera: Drosophilidae) is widely used as a model for studying the interactions among the arthropod immune system, the microbiota, and pathogens (Lee and Lee, 2014). The fly gut microbiota is mainly located in the anterior gut (Watnick and Jugder, 2020), and its composition varies between wild and laboratory-reared flies. Wild flies are colonized by Actinobacteria, Firmicutes, Bacteroidetes, and alpha-, beta- and gamma-Proteobacteria (Chandler et al., 2011; Adair et al., 2018), while laboratory-reared flies are mainly colonized by Acetobacter and Lactobacillus spp. (Blum et al., 2013; Pais et al., 2018).

In the Drosophila gut, the immune deficiency (IMD) pathway is triggered by bacterial diaminopimelic acid-type peptidoglycan (DAP-PGN), leading to the activation of the nuclear factor-kappa B (NF-κB) Relish and the transcription of antimicrobial peptides (AMPs) (Lemaitre and Hoffmann, 2007; Kleino and Silverman, 2014) (Figure 1A). Relish-dependent AMP expression induced by commensal bacteria is specifically regulated by Caudal, a transcriptional repressor (Ryu et al., 2008) (Figure 1A). The IMD pathway also activates the transcription of two enteroendocrine peptides: diuretic hormone 31 (DH31) and tachykinin (Tk) (Veenstra et al., 2008). DH31 increases gut contractions, mechanically limiting the number of extracellular bacteria (Vanderveken and O'donnell, 2014), while Tk inhibits lipid synthesis in enterocytes, reducing the number of intracellular bacteria (Song et al., 2014) (Figure 1A).




Figure 1 | Schematic representation of the principal interactions among pathogens, the microbiota, and the arthropod gut components. In the Drosophila gut, DAP-PGN (diaminopimelic acid type-peptidoglycan) of both pathogenic and nonpathogenic bacteria activates the IMD (immune deficiency) pathway, leading to the activation of Relish and the expression of AMPs (antimicrobial peptides). The production of Relish-dependent AMPs is inhibited by Caudal. The IMD pathway also controls the expression of DH31 (diuretic hormone 31) and Tk (tachykinin). The uracil from pathogenic bacteria activates the production of ROS (reactive oxygen species) and HOCl (hypochlorous acid) by DUOX (dual-oxidase), which is inhibited by IRC (immune-regulated catalase). The activation of the HOCl-sensitive receptor TRPA1 (A) 10b (isoform of the HOCl-sensitive receptor TRPA1) and DH3 causes an increase in gut motility and the expulsion of bacteria from the lumen. Tk reduces intracellular bacterial proliferation by inhibiting lipid synthesis. The JAK/STAT (Janus kinase/signal transducer and activator of transcription) pathway regulates epithelial cell renewal and intestinal stem cell proliferation and controls the bacterial load in the fly gut (A). The acquisition of a blood meal causes an increase in bacterial population size in the Anopheles gut, activating the IMD pathway by the recognition of DAP-PGN. Effectors of the IMD pathway exert a negative effect on Plasmodium. The blood meal also stimulates the production of the PM (peritrophic matrix), trapping both bacteria and Plasmodium; in turn, the parasite produces a chitinase to escape from it. An additional barrier, named the dityrosine network, is produced by IMPer (immunomodulatory peroxidase) in cooperation with DUOX, impairing immune system activation. Plasmodium infection reduces the activity of catalase, perturbing the microbiota and favoring its development (B). In the Aedes gut, the heme from the host blood upregulates the expression of antioxidant genes and downregulates that of immune-related genes, favoring bacterial proliferation. The increase in bacterial load activates the IMD pathway, limiting SINV (Sindbis virus) replication. Microbiota bacteria upregulate the expression of mosquito CTLs (C-type lectins), using them for protection against AMP effects (C). In the sand fly L. longipalpis, Serratia causes an increase in ROS concentration, which negatively impacts Leishmania. Infection by L. mexicana and L. infantum is also reduced in Caspar-silenced sand flies, possibly due to augmented expression of IMD pathway effectors (D). In tsetse flies, RNAi-mediated silencing of PGRB-LB (peptidoglycan recognition protein LB) permits the peptidoglycan (PGN) released by Wigglesworthia to activate the IMD pathway, increasing the levels of the AMP attacin and reducing Wigglesworthia loads. PGRB-LB may also exert anti-T. brucei activity, as parasite loads are higher in silenced flies (E). In the gut of R. prolixus, the silencing of either Relish or Dorsal [NF-κB (nuclear factor-kappa B) of the IMD or Toll pathway, respectively] causes an increase in the load of the symbiotic bacterium R. rhodinii, but does not alter T. cruzi infection (F). In the tick I. scapularis, microbiota alterations downregulate STAT, with a consequent reduction in peritrophin-1 gene expression. A thinner PM reduces infection by B. burgdorferi but increases infection by A. phagocytophilum. The tick epithelium secretes Dae2 (domesticated amidase effector 2), which acts against host skin bacteria, preventing their proliferation (G).



The Drosophila gut also produces reactive oxygen species (ROS) and hypochlorous acid (HOCl) through dual-oxidase (DUOX) activity (Ha et al., 2005a). Unlike PGN-sensing IMD pathway activation, DUOX is triggered by uracil secreted by pathogenic bacteria (Lee et al., 2013). To neutralize DUOX-dependent ROS production, Drosophila encodes the immune-regulated catalase (IRC) (Ha et al., 2005b) (Figure 1A). DUOX-produced HOCl activates the isoform TRPA1 (A) 10b of the HOCl-sensitive receptor TRPA1, leading to increased gut motility and the expulsion of uracil-releasing bacteria (Du et al., 2016). The Janus kinase/signal transducer and activator of transcription (JAK/STAT) immune signaling pathway also plays a role in bacterial control in the Drosophila gut, regulating epithelial cell renewal and intestinal stem cell proliferation (Ohlstein and Spradling, 2006).

In summary, the fruit-fly Drosophila employs a complex network of immune factors, gut motility, and intracellular control of lipid metabolism to maintain gut homeostasis. These findings provide valuable insights into the intricate mechanisms governing insect–microbe interactions and offer potential avenues for understanding and manipulating immune responses in other organisms.




3 Disease-transmitting vectors

The blood-feeding behavior of some ectoparasitic arthropods allows them to acquire and transmit a wide array of pathogens, including viruses, bacteria, protozoans, and nematodes, which can cause life-threatening diseases in humans and other animals (Müller R. et al., 2019). Notably, mosquitoes, phlebotomine sandflies, tsetse flies, triatomine bugs, and ticks stand out among pathogen-carrying arthropods.

According to the World Health Organization (WHO), vector-borne diseases (VBDs) cause more than 700,000 human deaths every year1. These diseases disproportionately impact impoverished regions where favorable conditions for transmission exist (Müller R. et al., 2019). In this alarming scenario, studies on the molecular factors governing the relationships between arthropod vectors, the microbiota, and pathogens are highly relevant for revealing new targets for the development of innovative strategies to control VBDs.



3.1 Mosquitoes: the multidisease vectors

Mosquitoes (Diptera: Culicidae) are prolific vectors of different human pathogens, including arboviruses, protozoans, and nematodes. They acquire their microbiota mainly from the environment; however, bacteria in the female reproductive tract can also be transmitted to progeny. In this case, microorganisms on the egg shell are eaten by larvae during hatching or spread in the aquatic habitat where larvae feed. It has also been shown that the microorganisms present at an egg laying site can exert either an attractant or a repellent effect on gravid female mosquitoes, and they can act as a stimulant or deterrent of oviposition (reviewed by Girard et al., 2021). For example, Pantoea stewartii shows a positive effect on the oviposition of gravid Anopheles gambiae females, possibly mediated by the release of indole and 3-methyl-1-butanol (Lindh et al., 2008). A mixture of bacteria isolated from either bamboo or white-oak leaf infusions also exerted a positive effect on the oviposition of Aedes aegypti. In addition, a blend of synthetic carboxylic acids at the natural ratio found in the bacterial mixture (consisting of 16% nonanoic acid, 83% tetradecanoic acid, and 1% methyl tetradecanoate) was highly stimulatory to oviposition of Ae. aegypti females (Ponnusamy et al., 2008).

The microbiota of mosquitoes consists mostly of gram-negative bacteria in the phyla Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria (Strand, 2018). After a blood-meal, the microbiota bacterial density substantially increases in the gut of adult females (Romoli and Gendrin, 2018), activating the immune system and impacting pathogen establishment. However, bacteria are subsequently eliminated with the peritrophic matrix (PM), returning to pre-blood feeding levels (Rodgers et al., 2017).

Anopheles mosquitoes are the main vectors of Plasmodium, the causative agent of malaria, one of the most severe VBDs in the world (Phillips et al., 2017). Proteobacteria, Bacteroidetes, Actinobacteria, Firmicutes, and Fusobacteria are the most abundant phyla in the gut microbiota of adult Anopheles gambiae originating from field-collected larvae (Boissiere et al., 2012). Laboratory-reared mosquitoes harbor a different microbiota, dominated by Flavobacteria, which in field mosquitoes corresponds to only 0.38% of the total bacteria (Dong et al., 2009; Boissiere et al., 2012). In addition, while 5% of the total bacteria in field mosquitos are gram-positive bacteria (in the classes Bacilli and Actinobacteria), no gram-positive bacterium has been identified in laboratory-reared mosquitoes. Interestingly, Plasmodium falciparum-positive mosquitoes harbor more Enterobacteriaceae bacteria, suggesting a potential positive effect on parasite establishment (Boissiere et al., 2012).

The increase in bacterial population size after a blood-meal activates the mosquito IMD pathway through the recognition of DAP-PGN, reducing the load of Plasmodium (Meister et al., 2009) (Figure 1B). The elimination of the microbiota by antibiotic treatment increases the numbers of ookinetes and oocysts in the mosquito gut (Dong et al., 2009). Among the IMD effectors identified thus far, thioester-containing protein 1 (TEP-1) has been implicated in Plasmodium control. TEP-1 binds to the ookinete in the mosquito hemocoel, leading to its melanization or lysis (Blandin et al., 2004; Garver et al., 2012). The microbiota contributes to the formation of the PM, protecting mosquitoes from bacterial dissemination into the hemocoel (Rodgers et al., 2017). The PM also traps Plasmodium, which, in turn, produces a chitinase to escape it (Huber et al., 1991) (Figure 1B). Disruption of the P. falciparum chitinase encoding gene impairs its ability to form oocysts in the Anopheles freeborni gut (Tsai et al., 2001). In a microbiota independent process, the acquisition of a blood-meal upregulates the expression of immunomodulatory peroxidase (IMPer) (Kumar et al., 2010). In cooperation with DUOX, IMPer leads to the formation of a dityrosine network between the gut epithelium and the PM (Figure 1B). This network reduces the activation of the mosquito immune system, which is essential for the survival of the microbiota bacteria and Plasmodium (Kumar et al., 2010). Plasmodium perturbs the mosquito microbiota, reducing, for instance, catalase activity and affecting redox metabolism, which favors parasite development (Bahia et al., 2013) (Figure 1B). Specifically, the knockdown of catalase, mediated by RNA interference (RNAi), increases the parasite load and decreases the bacterial load. Together, these data suggest that Plasmodium manipulates vector redox metabolism, diminishing the activity of antioxidant enzymes, which affect the microbiota and favor its own development (Bahia et al., 2013).

Ae. aegypti mosquitoes transmit a range of arboviruses, including dengue virus (DENV), zika virus (ZIKV), chikungunya virus (CHIKV), and yellow fever virus (YFV). Several studies have shown that the larval microbiota influences the vector competence of adult mosquitoes (reviewed by Caragata et al., 2019). For example, colonization of larvae exclusively with Salmonella sp. increases DENV infection of adult mosquitoes in comparison to those colonized with a mixture of different bacteria in the family Enterobacteriaceae (Dickson et al., 2017). The exposure of larvae to pathogenic Bacillus thuringiensis subsp. israelensis also alters the mosquito microbial community (Tetreau et al., 2018), increasing the susceptibility of adult mosquitoes to DENV but not to CHIKV (Moltini-Conclois et al., 2018).

In the gut of adult Ae. aegypti, the heme released upon blood digestion upregulates the expression of antioxidant genes and downregulates that of immune-related genes, resulting in increased bacterial proliferation (Oliveira et al., 2011). The higher bacterial load triggers the activation of the IMD pathway and production of AMPs (Figure 1C). In turn, microbiota bacteria upregulate the expression of C-type lectins (CTLs) in the mosquito gut, which bind to the bacterial cell wall, protecting them from Relish-regulated AMPs (Pang et al., 2016) (Figure 1C). The activation of the IMD pathway by microbiota bacteria limits Sindbis virus (SINV) replication in infected mosquitoes (Barletta et al., 2017) (Figure 1C).

In conclusion, the acquisition of a blood meal results in an increase in the microbiota load, modulating the production of immune factors and structural components in the mosquito gut and shaping vector competence to Plasmodium and certain arboviruses.




3.2 Sand flies: complex relationships among numerous species of vectors and parasites

Sand flies (Diptera: Psychodidae) are vectors of protozoans in the genus Leishmania, causative agents of leishmaniasis (Telleria et al., 2018). Sand flies can also transmit viruses (Depaquit et al., 2010) and bacteria (Herrer and Christensen, 1975). The most relevant sand fly genera for human leishmaniasis are Phlebotomus (found in the Old World) and Lutzomyia (found in the New World). There are approximately 42 species of Phlebotomus and 56 species of Lutzomyia known to transmit human leishmaniasis (Telleria et al., 2018) and approximately 20 species of Leishmania described to cause disease in humans (Maroli et al., 2013).

Due to the vast number of sand fly species and the diverse habitats they may occupy, the composition of the microbiota varies significantly. However, a network analysis of sixteen studies on the Phlebotomus and Lutzomyia microbiotas revealed common bacteria shared among some species (Fraihi et al., 2017). When analyzing bacterial phyla, both Phlebotomus and Lutzomyia were found to be mainly composed of Proteobacteria, followed by Firmicutes and Actinobacteria. In terms of order, Gammaproteobacteria and Bacilli were the most abundant in both sand fly genera. The main family in the Gammaproteobacteria order is Enterobacteriaceae, which is present in both Phlebotomus and Lutzomyia (Fraihi et al., 2017). The microbiota composition of Lutzomyia longipalpis larvae and adults widely varies according to the substrate where eggs are laid (Martins et al., 2021). However, reduced microbiota diversity is observed in L. longipalpis infected by Leishmania infantum, suggesting that the parasite acts as an equalizer agent of the vector microbiota (Kelly et al., 2017). Moreover, treatment with antibiotics results in reduced bacterial and Leishmania spp. loads in both L. longipalpis (Kelly et al., 2017) and Phlebotomus duboscqi (Louradour et al., 2017). On the other hand, prefeeding L. longipalpis with specific commensal bacteria or a mixture of bacteria and yeast make the sand fly less susceptible to Leishmania mexicana infection (Sant'anna et al., 2014). Serratia, but not L. mexicana, increases ROS concentrations (including H2O2) in the L. longipalpis gut (Diaz-Albiter et al., 2012). The oral administration of ROS to sand flies and by RNAi-mediated silencing of catalase reduced the L. mexicana load (Diaz-Albiter et al., 2012) (Figure 1D). The knockdown of Caspar, an inhibitor of the IMD pathway, also reduces infection by L. mexicana and L. infantum (Telleria et al., 2012). However, microbiota bacteria remained unaltered in Caspar-silenced L. longipalpis (Figure 1D). Leishmania-infected sand flies are resistant to infection with Serratia, suggesting that the parasite may also exert a negative effect on bacteria (Sant'anna et al., 2014).

Ten cultivable bacterial genera present in the L. longipalpis midgut were identified, and the effect of some of these genera on the growth of L. infantum chagasi, L. major, L. amazonensis and L. braziliensis was assessed by an in vitro assay (Campolina et al., 2020). The results showed an antiparasitic effect for nine bacterial genera. The most harmful genera were Lysinibacillus and Serratia, which killed all Leishmania species within 48 and 72 hours, respectively, highlighting these genera as potential candidates for infection control (Campolina et al., 2020).

In summary, microbiota bacteria can affect sand fly susceptibility to Leishmania infection. Some microbiota bacteria have a negative effect on the parasite, possibly due to the activation of ROS production and/or by a direct antiparasitic effect. Understanding these relationships can potentially lead to the development of novel strategies for the control and prevention of leishmaniasis.




3.3 Tsetse flies: the multiple endosymbiont hosts

Tsetse flies (Diptera: Glossinidae) are strict hematophagous insects that transmit the protozoan Trypanosoma brucei, the causative agent of human African trypanosomiasis (HAT, also known as sleeping sickness) and animal African trypanosomiasis (AAT, also known as nagana). Tsetse flies belong to the genus Glossina and present a viviparous reproduction, in which larvae hatch in the female’s reproductive tract and are nourished through a secretion produced by reproductive accessory glands (the milk glands). After completing their development, larvae are deposited and immediately pupate (reviewed by Geiger et al., 2015).

The microbiota of tsetse flies is composed of both maternally-transmitted endosymbionts and commensals that they acquire from the environment. Each tsetse species harbors one to three endogenous symbionts, namely, Wigglesworthia, Sodalis and Wolbachia (reviewed by Wang et al., 2013b). Wigglesworthia is an obligate mutualist bacterium located in a specialized organ in the anterior midgut of the insect, the bacteriome. The Wigglesworthia genome encodes a range of cofactors, prosthetic groups, and carriers, suggesting that this bacterium provides the components absent in the blood meal to its arthropod hosts (Rio et al., 2012). In addition, Wigglesworthia plays a role in immune system maturation, as in its absence, larvae develop into immune compromised adults, which are also more susceptible to T. brucei infection (Wang et al., 2009; Weiss et al., 2011; Weiss et al., 2012; Weiss et al., 2013). Indeed, phagocytic hemocytes are absent in Wigglesworthia-free flies (Weiss et al., 2012). Moreover, aposymbiotic flies do not exhibit the upregulation of immune genes when challenged with nonpathogenic Escherichia coli, succumbing to infection (Weiss et al., 2012). Wigglesworthia-free flies, as well as flies infected with T. brucei, express lower levels of peptidoglycan recognition protein LB (PGRP-LB). RNAi-mediated silencing of PGRB-LB triggers the activation of the IMD pathway with a consequent production of the AMP attacin, diminishing Wigglesworthia loads (Wang et al., 2009) (Figure 1E). Conversely, the trypanosome density was higher in PGRB-LB-silenced flies. Together, these results suggest that PGRP-LB binds to Wigglesworthia peptidoglycan (PGN), preventing exacerbated activation of the insect immune system (Figure 1E). PGRP-LB may also exert a direct anti-T. brucei effect, reducing parasite loads (Wang et al., 2009) (Figure 1E). Aposymbiotic adults also present a structurally compromised PM, which is associated with earlier but ineffective activation of the fly immune system (Weiss et al., 2013).

Wigglesworthia is vertically transmitted to intrauterine larvae via milk gland secretions, as well as Sodalia. However, in contrast to Wigglesworthia, Sodalia colonizes several tsetse organs, in addition to the midgut, and its presence correlates with higher susceptibility to T. brucei (Farikou et al., 2010; Soumana et al., 2013; Kallu et al., 2023). Interestingly, the density of Sodalis declines in the absence of Wigglesworthia (Wang et al., 2013a), possibly because Sodalis requires thiamine produced by Wigglesworthia (Snyder et al., 2010). The third endosymbiont, Wolbachia, is a pathogen that colonizes tsetse gonads (reviewed by Geiger et al., 2015) and causes cytoplasmic incompatibility (detailed in Section 4.1).

In addition to endosymbionts, the most common bacterial genera in tsetse flies are Enterobacter, Enterococcus, and Acinetobacter (Soumana et al., 2013). The analyses of the microbiota composition of tsetse flies from two HAT/AAT endemic areas (Kafue in Zambia and Hurungwe in Zimbabwe) in sub-Saharan Africa revealed that the bacterial diversity is relatively similar in flies of both sexes, fed on different mammal species, and infected or not infected with T. brucei (Gaithuma et al., 2020). Conversely, significant differences were observed in microbiota diversity and composition among tsetse species, between teneral and nonteneral flies, and between infected and noninfected flies collected in Campo (Camaroon) (Tsakeng et al., 2022). The primary symbiont Wigglesworthia was present in almost all samples, with a relative abundance of approximately 47%. Interestingly, Serratia or Burkholderia seems to be a substitute for Wigglesworthia in some Glossina tachinoides flies (Tsakeng et al., 2022).

In summary, tsetse flies can harbor multiple endosymbionts, which seem to exert opposite effects on the establishment of T. brucei. Indeed, while Wigglesworthia is essential to the maturation and activation of the insect immune system, reducing the parasite loads, Sodalia is associated with higher susceptibility to infection.




3.4 Kissing bugs and Trypanosoma cruzi: a pathogen adapted to different vector species

The subfamily Triatominae (Hemiptera: Reduviidae) is a diverse group of hematophagous insects comprising 157 species (De Paiva et al., 2022). Commonly known as kissing bugs, these insects are vectors of the protozoan Trypanosoma cruzi, the causative agent of Chagas disease. The genera Rhodnius, Triatoma and Panstrongylus are particularly important from an epidemiological point of view (Coura and Vinas, 2010).

Several studies have reported that the microbiota of triatomines typically exhibits low taxonomic complexity and high specificity to the vector species (Da Mota et al., 2012; Gumiel et al., 2015; Rodriguez-Ruano et al., 2018; Arias-Giraldo et al., 2020; Brown et al., 2020). A metagenomic analysis of the microbiota of adult specimens of Panstrongylus, Rhodnius, Triatoma, and Psammolestes collected in the field revealed that Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes accounted for more than 90% of the identified phyla (Arias-Giraldo et al., 2020). The bacterial composition correlated with the insect species but not with the presence or absence of T. cruzi (Arias-Giraldo et al., 2020). Indeed, the correlation between the microbiota composition and T. cruzi infection is controversial and seems to depend on the triatomine species and habitat (Gumiel et al., 2015; Rodriguez-Ruano et al., 2018; Waltmann et al., 2019; Eberhard et al., 2022).

Compositional changes in the microbiota are also observed along the ontogenetic development of field-collected Triatoma spp., from high diversity in the early instars to low diversity usually dominated by a single species of symbiotic bacteria in adults (Brown et al., 2020). This reduction in diversity may be related to the molting process, during which insects shed the foregut and hindgut cuticles, resulting in the loss of symbiotic bacteria (Brown et al., 2020). The abundance of Enterococcus, Acinetobacter, and Arsenophonus also differs among the development stages of laboratory-reared Rhodnius prolixus (Rodriguez-Ruano et al., 2018).

The symbiotic gram-positive bacterium Rhodococcus rhodnii, identified in R. prolixus and Triatoma spp., has been shown to play a role in insect development (reviewed by Salcedo-Porras et al., 2020). For instance, aposymbiotic nymphs of R. prolixus (hatched from surface-sterilized eggs and fed on sterile blood) as well as nymphs fed on R. rhodnii-immunized rabbits exhibited slower developmental rates and compromised ecdysis to the adult stage. The feeding of aposymbiotic nymphs with blood supplemented with B-complex vitamins can restore their ability to develop into adults (Lake and Friend, 1968). Serratia marcescens is also frequently found in triatomines. Interestingly, S. marcescens strains isolated from R. prolixus were shown to exert in vitro lytic activity against T. cruzi epimastigotes (Castro et al., 2007). On the other hand, the load of S. marcenses in the midgut of R. prolixus decreases upon T. cruzi infection (Vieira et al., 2016). Treatment with antibiotics, leading to the elimination of both R. rhodnii and S. marcenses, upregulates the expression of defensins in the midgut and fatty body of R. prolixus (Batista et al., 2021). The same pattern of AMP gene expression is observed in the fat body. In addition, phenoloxidase activity is higher in the hemolymph of insects treated with antibiotics than in the control group, suggesting that modifications in the microbiota may also cause systemic alterations (Batista et al., 2021).

The genome of R. prolixus lacks canonical components of the IMD pathway (Mesquita et al., 2015). Nevertheless, this pathway is functional and regulates the expression of defensin A. In addition, silencing the Relish gene (rpRelish) increases the load of R. rhodinii but does not affect T. cruzi infection (Figure 1F). Similarly, silencing of the Dorsal gene, the transcription factor of the Toll pathway, also does not alter T. cruzi infection (Figure 1F) (Mesquita et al., 2015). Years later, Salcedo-Porras et al. (2019) identified additional components of the R. prolixus IMD pathway using reciprocal BLAST and HMM profile searches (Salcedo-Porras et al., 2019).

In T. infestans, an antimicrobial protein named TiAP is upregulated by infection with T. cruzi (Buarque et al., 2016). Knockdown of TiAP by RNAi increased the load of microbiota bacteria but did not interfere with the parasite burden (Buarque et al., 2016). The recombinant molecule also exhibited bacteriostatic activity in vitro but was inactive against the parasite. These results suggest that T. cruzi upregulates TiAP expression to reduce bacterial load in the triatomine gut, favoring its own colonization (Buarque et al., 2016). Similarly, silencing the lectin RpLec of R. prolixus led to an increased number of bacteria but had no effect on the parasite (Araujo et al., 2021).

Briefly, triatomine immune system components seem to exert an effect on microbiota bacteria without affecting T. cruzi, suggesting that the parasite has adapted to resist the vector immune system. Moreover, infection diminishes the load of certain microbiota components, such as S. marcescens, which, in turn, may exert a direct antiparasitic effect.




3.5 Obligatory hematophagous ticks

Ticks (Acari: Ixodida) are ectoparasitic arthropods that feed on the blood of vertebrate hosts and transmit various pathogens that cause life-threatening diseases to humans and other animals (Dantas-Torres et al., 2012). The tick microbiota is composed of vertically transmitted endosymbionts as well as commensal microorganisms that are acquired from the tick habitat. In addition, tick microbiota composition varies, for instance, according to species, life cycle stage, feeding status, and geographical location (reviewed by Bonnet and Pollet, 2020). As described for insect vectors, the tick microbiota also plays a role in arthropod physiology. For example, treatment with antibiotics with a consequent reduction and/or alteration of the microbiota exerted a negative impact on the development of Rhipicephalus microplus (Guizzo et al., 2017), on the reproductive fitness of Dermacentor andersoni (Clayton et al., 2015), Rhipicephalus haemaphysaloides (Li et al., 2018), and Amblyomma americanum (Zhong et al., 2007), and on the feeding fitness of Ixodes ricinus (Guizzo et al., 2022b).

The tick microbiota also impacts vector competence. The tick Ixodes scapularis, which transmits Borrelia burgdorferi (causative agent of Lyme disease) and Anaplasma phagocytophilum (causative agent of human granulocytic anaplasmosis) (Dantas-Torres et al., 2012), shows differences in the microbiota of larvae hatched in a sterile environment compared to normal conditions (Narasimhan et al., 2014). This microbiota perturbation causes the downregulation of STAT, resulting in reduced expression of peritrophin-1, an effector of the JAK/STAT immune signaling pathway that composes the PM (Figure 1G). The consequent reduction in the thickness of the PM results in diminished B. burgdorferi infection (Narasimhan et al., 2014). B. burgdorferi upregulates the expression of an I. scapularis gene encoding a secreted reeler-domain containing protein (PIXR), which inhibits biofilm formation by gram-positive bacteria, favoring borrelial colonization (Narasimhan et al., 2017). Infection with A. phagocytophilum upregulates the expression of the I. scapularis anti-freezing protein (IAFGP), affecting bacterial biofilm formation and altering the microbiota composition (Abraham et al., 2017). The alteration of the natural microbiota composition leads to the formation of a thinner PM (Narasimhan et al., 2014), favoring A. phagocytophilum colonization (Abraham et al., 2017) (Figure 1G). The microbiota composition of Haemaphysalis longicornis nymphs is also altered by antibiotic treatment, reducing the thickness of the PM and increasing the transstadial transmission of Babesia microti to the adult stage (Wei et al., 2021). Therefore, microbiota alterations with a consequent reduction in the thickness of the PM seem to impair infection by the extracellular pathogen B. burgdorferi (Narasimhan et al., 2014) but favor the establishment of the intracellular pathogens A. phagocytothilum (Abraham et al., 2017) and B. microti (Wei et al., 2021).

The tick domesticated amidase effector 2 (Dae2), acquired during evolution by bacterial horizontal transfer (Chou et al., 2015), has been reported to rapidly kill ingested commensal host skin bacteria in the I. scapularis gut (Figure 1G). However, Dae2 shows no direct activity against Borrelia spirochetes (Hayes et al., 2020). Rapid clearance of both gram-positive and gram-negative bacteria was also observed in the gut of unfed Ixodes ricinus females upon artificial feeding (Guizzo et al., 2022a). This clearance may be due to the production of ROS, exogenous hemoglobin fragments (hemocidins) and endogenous AMPs (reviewed by Fogaça et al., 2021).

The ticks Amblyomma aureolatum and Amblyomma sculptum are vectors of Rickettsia rickettsii [the causative agent of Brazilian spotted fever (Labruna, 2009)]. A. aureolatum harbors a robust gut microbiota, predominantly composed of the Francisella genus (Pavanelo et al., 2020) and is highly susceptible to infection (Labruna et al., 2008; Martins et al., 2017). On the other hand, A. sculptum has a much lower number of bacteria in the gut (Pavanelo et al., 2020) and is less susceptible to R. rickettsii (Labruna et al., 2008; Martins et al., 2017). The gut transcriptional response to R. rickettsii infection also differs between these two species, with A. aureolatum showing mostly downregulated genes and A. sculptum showing mostly upregulated genes, including immune factors (Martins et al., 2017). In Dermacentor andersoni, the presence of the Francisella endosymbiont positively influenced the establishment of Francisella novicida (Gall et al., 2016). These results suggest that similar endosymbionts may suppress the tick immune system, facilitating the acquisition of pathogenic bacteria.

Overall, these findings highlight the significant role of the gut microbiota in tick physiology as well as in the modulation of tick immune responses and the synthesis of the PM, specifically modulating the establishment of pathogens.





4 The microbiota as a biotech resource for the control of arthropods and arthropod-borne pathogens: some examples



4.1 Wolbachia as a promising tool for the successful microbiological control of vectors

Wolbachia pipientis is a widely distributed member of the phylum Arthropoda and is estimated to be present in approximately 40% of terrestrial species (Zug and Hammerstein, 2012). Wolbachia is an obligate intracellular bacterium that is maternally transmitted and provides an advantage to infected females, facilitating its spread to uninfected populations. This bacterium alters arthropod reproduction, causing male feminization and mortality, parthenogenesis, and cytoplasmic incompatibility (CI) (reviewed by Porter and Sullivan, 2023). CI occurs when Wolbachia-infected males mate with either uninfected females (unidirectional CI) or females infected with a different and incompatible Wolbachia strain (bidirectional CI), resulting in a drastic reduction in egg hatching. Wolbachia also exhibits the ability to reduce pathogen loads, a mechanism known as pathogen interference (PI). Due to the detrimental effects of Wolbachia on arthropod reproduction and vector competence, there are currently several ongoing programs involving the release of Ae. aegypti mosquitoes, previously colonized with Wolbachia strains in the laboratory in dengue endemic areas (reviewed by Caragata et al., 2016).

The strains wAlbB (Liang et al., 2022) and wMel (Ross et al., 2022) of Wolbachia, when introduced in mosquito colonies, established a stable association with Ae. aegypti. Importantly, Wolbachia reduces CHIKV, ZIKV and DENV infection in mosquitoes (Moreira et al., 2009; Van Den Hurk et al., 2012; Liang et al., 2022). The Wolbachia strain wAlbB also established a stable association with Anopheles stephensi, conferring high resistance to Plasmodium infection (Bian et al., 2013). On the other hand, the wPip strain of Wolbachia does not inhibit infection of Ae. aegypti with DENV (Fraser et al., 2020).

Wolbachia upregulates the expression of Toll pathway components and AMPs in Ae. aegypti, which is associated with reduced DENV infection (Bian et al., 2010). Indeed, RNAi-mediated silencing of Cactus, an inhibitor of the Toll pathway, reduces viral load, while silencing of the adaptor myeloid differentiation primary response 88 (MyD88) has the opposite effect (Xi et al., 2008). In Culex pipiens pallens, colonization by new Wolbachia strains leads to higher transcript levels of components of both the Toll and IMD pathways than in mosquitoes naturally colonized with Wolbachia. These results suggest that Wolbachia induces a strong immune response in new hosts, which may play a role in the acquisition of pathogens (Zhang et al., 2020). Additional studies are warranted to fully understand how Wolbachia alters arthropod vector competence.




4.2 Paratransgenesis for the control of vector-borne pathogens

Paratransgenesis is a technique in which a member of the arthropod microbiota is genetically modified to produce antimicrobial molecules that inhibit the replication of or kill a targeted pathogen (Figure 2A). However, successful paratransgenesis requires careful selection of the bacterial species based on several key criteria (reviewed by Ratcliffe et al., 2022), including:

	(i) Harmlessness: The selected bacterium should not be harmful to humans or other organisms;

	(ii) Mutualistic or commensal relationship: It should be a member of the native microbiota, having a mutually beneficial or commensal symbiotic relationship with the arthropod;

	(iii) No impact on vector fitness: The bacterium should not negatively affect the fitness of the arthropod vector;

	(iv) Transstadial transmission: The bacterium should be able to be transmitted from one life stage to another within the vector;

	(v) Cultivability and genetic manipulability: It should be cultivable in the laboratory and amenable to genetic manipulation for the expression and secretion of the desired antimicrobial molecule;

	(vi) Localization: The bacterium should occupy the same organ or tissue as the targeted pathogen in the arthropod vector, facilitating contact between the modified bacterium and the antiparasitic compound.






Figure 2 | Schematic representation of vector control focused on the microbiota. The general methodology and application of paratransgenesis, a novel method targeting the vector microbiota, are displayed. Initially, microbiota analysis is conducted to identify potential targets within the microbial communities associated with the vector population. Subsequently, specific bacteria are chosen for genetic manipulation to carry traits capable of killing pathogens and inhibiting their replication. These modifications lead to a reduction in the pathogen transmission trait within the vector population (A). General methodology and application of an anti-microbiota vaccine. Here, microbiota analysis is used to identify suitable bacterial candidates (e.g., keystone taxa), and then model hosts such as mice and canaries are vaccinated with the identified bacteria. Once an immune response is triggered toward the bacteria of interest, the anti-microbiota antibodies induced by the vaccine act on the vector microbiota, modulating them and reducing pathogen infection within the vectors (B).



Once the bacterium is selected, it needs to be isolated and genetically transformed to produce either a peptide or a dsRNA molecule that can block the development of a targeted pathogen. Finally, the modified bacterium must be spread within the vector population through horizontal and/or vertical transmission, ultimately disrupting the pathogen’s life cycle.

Paratransgenesis has already been used to modify the symbiont R. rhodnii of R. prolixus to express the AMP cecropin A [from the moth Hyalophora cecropia (Boman and Hultmark, 1987)]. Insect colonization with the engineered bacterium limited T. cruzi infection without affecting the vector’s fitness (Durvasula et al., 1997). In mosquitoes, several bacteria, including Wolbachia, have been genetically modified to target Plasmodium (reviewed by Wilke and Marrelli, 2015). In an elegant study, Serratia and Anopheles stephensi mosquitoes were genetically modified (Huang et al., 2022) to produce two effectors: (i) the midgut peptide 2 (MP2) dodecapeptide, which binds to the mosquito midgut epithelium and inhibits P. falciparum invasion (Vega-Rodriguez et al., 2014), and (ii) scorpine, a scorpion AMP with anti-Plasmodium activity (Conde et al., 2000). Although reduced Plasmodium berghei acquisition and transmission have been observed in transgenic mosquitoes as well as in mosquitoes colonized by engineered Serratia, the combination of transgenesis and paratransgenesis shows a more effective result (Huang et al., 2022). In ticks, Sphingomonas was modified to express the major surface protein 4 (MSP4) of A. phagocytophilum, reducing the acquisition of this bacterium by I. scapularis (Mazuecos et al., 2023). The success of paratransgenesis in reducing infection in different arthropods highlights this method as a promising approach to control VBDs.




4.3 Vector microbiota modulation by host antibodies: anti-microbiota vaccines

Antibiotic treatments have provided some insights into the role of the microbiota in both arthropod fitness and vector competence. However, their use raises up some concerns. For instance, it was recently demonstrated that a simple antibiotic microinjection is not sufficient to clear Rickettsia buchnerii from I. scapularis (Oliver et al., 2021) or Midichloria mitochondrii endosymbionts from I. ricinus ovaries (Guizzo et al., 2022b). Caution also needs to be exercised when using high dosages of antibiotics, especially tetracycline, as observed phenotypes may result from their off-target activity of inhibiting arthropod mitochondrial protein synthesis (reviewed by Moullan et al., 2015). In addition, antibiotic treatment affects multiple bacterial species simultaneously, making it challenging to establish causal links between specific taxa and tick fitness/vector competence alterations. To overcome this limitation, and taking the advantage of the fact that host immunoglobulins taken with the blood meal remain functional in tick hemolymph (Vaz Junior et al., 1996; Maitre et al., 2022), recent research has introduced anti-microbiota vaccines as a tool to modify arthropod microbiota composition (Mateos-Hernandez et al., 2020; Mateos-Hernandez et al., 2021; Wu-Chuang et al., 2021; Azelyte et al., 2022; Maitre et al., 2022).

The immunization of mice with live E. coli, a representative of Enterobacteriaceae (a keystone taxon in ticks; Mateos-Hernandez et al., 2020), results in the production of anti-E. coli antibodies. The gut of ticks fed on immunized animals shows reduced Escherichia abundance and microbiota diversity (Mateos-Hernandez et al., 2021) (Figure 2B). Feeding Culex quinquefasciatus mosquitoes on E. coli-immunized canaries infected with Plasmodium relictum also resulted in significant alterations in the abundance of several microbiota taxa (Azelyte et al., 2022). Moreover, mosquitoes fed on immunized birds showed reduced frequency and numbers of parasite oocysts in the midgut and a lower sporozoite frequency in salivary glands, indicating the potential for altering vector competence (Azelyte et al., 2022) (Figure 2B). Importantly, immunization with E. coli in mice (Mateos-Hernandez et al., 2021) and birds (Azelyte et al., 2022) showed no adverse effects or alterations of the fecal microbiota, indicating the safety and specificity of the anti-microbiota vaccines. Therefore, this strategy offers a promising approach for selectively modifying microbiota composition and potentially controlling VBDs.





5 Concluding remarks

In conclusion, the microbiota plays a central role in arthropod physiology as well as in shaping vector competence, mostly by modulating of the arthropod immune system and the production of structural components, such as the PM. In addition, some microbiota members can directly affect pathogens by the secretion of antiparasitic substances and/or competition for nutrients. Similarly, some pathogens can negatively affect the arthropod microbiota to favor its own establishment.

Antibiotic treatment has provided insights into the role of the microbiota; however, the nonspecific nature of these treatments limits the ability to establish the function of specific members. Recent advances in anti-microbiota vaccines offer a promising approach for selectively altering the microbiota composition. Other approaches, such as arthropod colonization with Wolbachia or engineered bacteria, have also shown effective results in infection control. Further studies are needed to pave the way for the development of innovative strategies targeting the arthropod microbiota, allowing the control of VBDs.
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